showed some low activity with Methyl-3-hydroxy-2-methylpropionate as substrate (1.2 %). hydroxy-2-methylpropionate has an additional methyl group at the carboxyl group in comparison to 179 3-Hydroxyisobutyrate and was reported to be one of the major volatile components in the mammee 180 apple (Mammea americana) fruit (Morales and Duque 2002 Hydroxisobutyrate was only converted with 2 % activity in comparison to the S-enantiomer. The R-182 enantiomer of Methyl-3-hydroxy-2-methylpropionate was not converted at all by the enzyme. These 183 results reflect a very high stereo specificity of the enzyme. Other tested compounds did not reveal 184 any activity (see Table 2 ). lyzed by AtHDH1 is a sequential bi-bi mechanism common for most dehydrogenases (Supp. Figure 5 ).
195
Both substrates (3-Hydroxyisobutyrate and NAD + ) have to bind before either product is released. The 196 pH optimum of AtHDH1 is 8.5 (Figure 2A ), which is close to the estimated pH value of 8.1 for the mi-197 tochondrial matrix in Arabidopsis as determined by a mitochondria-specific fluorescence pH sensor 198 (Shen et al. 2013) . Enzyme activity measurements at varying temperatures revealed a wide tempera-199 ture range. The optimum activity is at about 40 °C (Figure 2b In parallel, another Arabidopsis protein, At4g29120, which slightly resembles AtHDH1, was overex-208 pressed in E. coli and affinity purified (Supp. Figure 6 ). This protein did not exhibit any 3-209 hydroxyisobutyrate dehydrogenase activity. We conclude that HDH is encoded by single-copy gene. 210
Furthermore, lack of activity in overexpressed At4g29120 fractions further excludes that the E. coli 211 background of our protein expression system interfered with our biochemical characterization of 212 overexpressed AtHDH1 213 214
The native state of AtHDH1 215 216
The native state of AtHDH1 from Arabidopsis was tested by analyzing the purified recombinant pro-217 tein using Blue-native PAGE in combination with a 3-Hydroxisobutyrate dehydrogenase in-gel activity 218 assay ( Figure 3 ). Due to a high Coomassie-blue background in the low molecular mass region of the 219 gel, activity of the monomer could not be seen. Activity signals were visible at about 150, 187, 200 220 and 224 kDa. Since the overexpressed protein is of high purity, we conclude that AtHDH1 can form 221 homooligomeric protein complexes. Dimeric and tetrameric forms of HDH1 were described previous-222 ly for several organisms (Rougraff et al. 1988 , Lokanath et al. 2005 (Figure 4 ). Exact positions of the insertions were determined by DNA sequencing for lines 231 ΔHDH1-2, ΔHDH1-4 and ΔHDH1-6. Line ΔHDH1-4 carries an insertion 471 bp upstream of the 232 1 1 transcription initiation site, which is usually considered to be outside the promotor region in Ara-233 bidopsis (Kleinboelting et al. 2012 , Shahmuradov et al. 2017 . Insertions in ΔHDH1-1, ΔHDH1-5 are 234 even further upstream ( Figure 4 ). All three lines were discarded for further analyses because the 235 insertions probably do not affect expression of the AtHDH1 gene. The T-DNA insertion of another line 236 (ΔHDH1-3) could not be confirmed by the GABI-Kat consortium. For these reasons, all further exper-237 iments were carried out using lines ΔHDH1-2 (GK-911G06) and ΔHDH1-6 (GK-710H08). Line ΔHDH1-6 238 carries the insertion within the 5´UTR (9 bp upstream of the transcript initiation site) and Line 239 ΔHDH1-2 within intron 6 (Figure 4 ). Both lines are homozygous with respect to the T-DNA insertion 240 as confirmed by PCR (Supp. Fig. 7 ). HDH1 expression is reduced by around 50 % in the two mutant 241 lines ( Figure 5 
Discussion

272
Plants can generate ATP from ADP and P i by various ways. In the light, ATP mainly comes from photo 273 phosphorylation taking place in the chloroplasts. At the same time, like in heterotrophic eukaryotes, 274 ATP is generated in the mitochondria by oxidative phosphorylation. The latter process is the main 275 ATP generating process in plants in the absence of light (e.g. at night) or in non-green tissue (e.g. 276 roots). For oxidative phosphorylation, plants have to fuel the electron transport chain with electrons, 277 which mainly come from the oxidation of carbohydrates via glycolysis and the citric acid cycle. How-278 ever, under special abiotic as well as biotic stress conditions, carbohydrates can become limiting and 279 oxidation of other compounds becomes important for providing electrons to the mitochondrial elec-280 tron transport chain. The oxidation of BCAAs was found to be very important for respiration of plant 281 cells under carbon starvation conditions (Ishizaki et al. 2005 , Ishizaki et al. 2006 , Araujo et al. 2010 ). 282
In BCAA catabolism, BCKDH generates NADH. We here report identification of a second NADH-283 generating enzyme of the BCAA degradation pathway, AtHDH1. The suggested role of the enzyme in 284 BCAA catabolism is summarized in Figure 7 . Besides BCKDH and AtHDH1 the existence of a third en-285 zyme, Methylmalonate-semialdehyde dehydrogenase, is predicted to produce NADH. The formed 286 NADH can transfer electrons to the NADH dehydrogenase complex (complex I) or to one of the alter-287 native NAD(P)H dehydrogenases forming part of the respiratory chain in plants (Rasmusson et al. 288 2004) . Furthermore, IVDH, another enzyme of the BCAA catabolic pathway, contributes electrons to 289 the respiratory chain. However, this enzyme directly transfers electrons via the ETF/ETFQO system to 290
Ubiquinone. Finally, BCAA catabolism leads to the formation of Acetyl-CoA, which is a substrate of 291 the citric acid cycle. Complete oxidation of the acetyl group generates another 3 NADH and one 292 FADH 2 . 293 1 5
In summary, BCAA degradation can greatly contribute to oxidative phosphorylation at carbohydrate 295 limitation. Nevertheless Leucine, Isoleucine and Valine catabolism has not been much studied in 296 plants so far. We here report the characterization of one of the so-far unknown enzymes of the BCAA 297 degradation pathway in plants, AtHDH1 (At4g20930) . A second putative HDH gene has been recently 298 predicted, At4g29120 (Hildebrandt et al. 2015) . The amino acid sequence identity between 299 www.plantphysiol.org on August 25, 2017 -Published by Downloaded from Copyright © 2017 American Society of Plant Biologists. All rights reserved.
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At4g29120 and At4g20930 is 32 %. We also recombinantly expressed At4g29120 in E. coli (Supp. Fig.  300 6). However, the purified protein did not exhibit 3-hydroxyisobutyrate dehydrogenase activity (Supp. 301 Fig. 6 ). We cannot exclude that the overexpressed protein was inactive due to misfolding or aggrega-302 tion. However, our current results rather indicate that HDH is encoded by a single-copy locus in Ara-303 bidopsis. In contrast HDH isoforms have been described for mammalian mitochondria (Loupatty et al. 304 2006). 305 306
AtHDH1 was shown to be a highly active 3-Hydroxyisobutyrate dehydrogenase. In addition, 3-307
Hydroxypropionate and Methyl-3-hydroxy-2-methylpropionate are also substrates for AtHDH1. No 308 activity could be measured using Glycerate or Serine as substrates. This is in contrast to HDH from 309 mammalian mitochondria. The enzyme from rat is active with a series of 3-hydroxyacid substrates 310 including S-and R-Hydroxyisobutyrate, L-Glycerate, and L-Serine (Haws et al. 1996) . In our study, 311
AtHDH1 shows high specificity for S-enantiomers like it was reported for the majority of HDHs from 312 microorganisms and mammals (Hasegawa 1981) . AgNO 3 is a strong inhibitor of AtHDH1 activity (data 313 not shown). This points to the presence of sulfhydryl groups close to the 3-hydroxyisobutyrate or 314 NAD + binding sites. The optimal pH for AtHDH1 is around 8.5. Also HDH from different mammals 315
show a basic pH optimum (Robinson and Coon 1957, Tasi et al. 2013) . The temperature optimum of 316
AtHDH1 is around 40 °C and the enzyme shows a wide activity range between 20 °C and 50 °C, which 317 reflects the conditions of natural Arabidopsis habitats. The AtHDH1 knock-down plants used in our 318 study had no visible phenotype under the conditions tested, even under extended darkness, which 319 most likely is due to remaining AtHDH1 expression. However, more sensitive root toxicity assays re-320 vealed a role of AtHDH1 in branched chain amino acid catabolism. 321 322
The 3-hydroxyisobutyrate dehydrogenase from Thermus thermophilus has been crystallized and 323
shown to be a homotetrameric enzyme (Lokanath et al. 2005) . Similarily, AtHDH1 might form homo-324 oligomeric complexes. Activity signals of the recombinantly expressed protein could be detected in 325 the molecular mass range from 150 to 225 kDa upon blue native PAGE (Figure 3 ). This might indicate 326 that AtHDH1 forms tetra-to hexahomomeric complexes. However, results have to be taken with 327 caution because artificial aggregations of AtHDH1 overexpressed in E. coli cannot be excluded. 328 329
According to currently available information, the first four enzymatic steps of Valine, Isoleucine and 330
Leucine degradation are carried out by the same set of enzymes in plants (Hildebrandt et al. 2015) , 331
with an Enoyl-CoA hydratase representing the last enzyme acting in all three degradation pathways 332 (Figure 7) . Figure 6 ). In the next step, Coenzyme A is again attached. This step is carried out by the Methylma-339 lonate semialdehyde dehydrogenase. The mammalian enzyme is unique among known Aldehyde 340 dehydrogenases because it is Coenzyme A-dependent (Kedishvili et al. 1992) . It is assumed that Pro-341 pionyl-CoA is produced in Valine as well as in Isoleucine degradation (Figure 7) . Finally, it has been 342 suggested that at least five enzymes are required for converting Propionyl-CoA into Acetyl-CoA (Hil-343 debrandt et al. 2015) . We present evidence that AtHDH1 is among these five enzymes. AtHDH1 is 344 capable converting 3-Hydroxypropionate into Malonate semialdehyde ( experiments using the AtHDH1 knock-down mutant revealed that growth inhibition not only in-346 creased upon cultivation of plants in the presence of Valine, but also Isoleucine ( Figure 6 ). This dou-347 ble role of HDH has also be reported for 3-Hydroxyisobutyrate dehydrogenase from microorganisms 348 (Chowdhury et al. 1996 , Yao et al. 2010 Kit) and overnight culturing on LB-agar plates supplemented with 50 µg/ml kanamycin, single colo-375 nies were picked and propagated over night at 37 °C in LB medium at 170 rpm. Afterwards, the plas-376 mid DNA was isolated using the GeneJet Plasmid Miniprep Kit (Thermo Fisher Scientific, Waltham, 377 USA). The plasmid was sequenced by SEQLAB (SEQLAB Sequence Laboratories, Göttingen, Germany). 378
Afterwards, the LR recombination reaction using the Gateway™ LR Clonase™ II Enzyme Mix (Thermo  379 Fisher Scientific, Waltham, USA) was performed to clone AtHDH1 into the Gateway® pDEST™17 vec-380 tor so that AtHDH1 can be expressed in frame with an N-terminal 6x-His-tag. The resulting expression 381 plasmid was designated pDest17-AtHDH1-w/o-28-AA. Next, the plasmid was transformed into NEB 5-382 alpha (New England Biolabs, Ipswich, USA) competent cells and grown overnight on LB-agar plates 383 supplemented with 50 µg/ml carbenicillin. Single colonies were picked and grown in LB medium at 37 384 °C and shaking at 170 rpm in the presence of 50 µg/ml carbenicillin. The correct sequence of plas-385 mids was checked by sequencing (SEQLAB Sequence Laboratories, Göttingen, Germany). 386 387 For AtHDH1 expression, pDest17-AtHDH1-w/o-28-AA was transformed in BL21-AI™ One Shot® Chem-388
ically Competent E. coli cells (Thermo Fisher Scientific, Waltham, USA). In these cells, the T7-RNA 389 polymerase gene is under control of the araBAD promoter. Transformed cells were grown in LB me-390 dium supplemented with 50 µg/ml carbenicillin at 37 °C until the OD 600 reaches 0.6-1.0. AtHDH1 391 expression was induced using 0.05 % L-arabinose. Starting from this time point, bacteria were trans-392 ferred to 16 °C for 24 h in order to decrease the risk of inclusion body formation. Bacteria were lysed 393 according to the manufacturer's instructions using BugBuster® Master Mix (Merck Millipore, Darm-394 stadt, Germany). The soluble fraction was used for affinity purification using immobilized metal ion 395 chromatography on Ni-NTA Agarose (Qiagen, Hilden, Germany). 1 M NaCl and 20 mM Imidazol as 396 final concentration were added to the supernatant to prevent unspecific binding of non His-tagged 397
proteins. The beads were equilibrated and washed with 33 mM NaH 2 PO 4 , 2 M NaCl and 53 mM Imid-398 azol. The protein was eluted using 50 mM NaH 2 PO 4 , 300 mM NaCl and 400 mM Imidazol. De-salting 399 was achieved by using Microcon-30kDa centrifugal filters (Merck Millipore, Darmstadt, Germany). 400
After 10 min centrifugation at 14.000 g, 200 µl of 20 mM K 2 HPO 4 , pH 8 was added and again centri-401 1 9 fuged for 10 min at 14.000 g. Fisher Scientific, Waltham, USA). SDS-PAGE was performed using pre-casted gels from BIO-RAD (BIO-438 RAD, Hercules, USA). Gel runs were performed according to the manufacturer's instructions. After 439 completion of the gel run the gel was either stained using by the Coomassie colloidal procedure 440 (Neuhoff et al. 1988) For identification, protein bands were cut out from polyacrylamide gels and included proteins were 451 fragmented into peptides by trypsin treatment as described previously (Klodmann et al. 2011) . Pep-452 tide mixtures were purified, peptides separated by liquid chromatography and analyzed by tandem 453 MS using a micrOTOF Q-II mass spectrometer (Bruker, Bremen/Germany) as outlined before 454 (Klodmann et al. 2011) 455 456 Blue native (BN) PAGE and in-gel activity staining 457 458
Blue native PAGE was performed employing a pre-casted 4-16 % Bis-Tris Native Gel (Thermo Fisher  459 Scientific, Waltham, USA). The BN cathode buffer (50 mM tricine, 15 mM BisTris, 0.02 % (w/v) Coo-460 massie G250, pH 7.0) and the BN anode buffer (50 mM BisTris, pH 7.0) were used. The Coomassie 461 containing cathode buffer was replaced after half of the run by a cathode buffer without Coomassie 462 in order to strongly reduce excess Coomassie-blue. The gel run was carried out according to the 463 manufacturer's instructions at 4°C. After the gel run was completed, in-gel activity assays were car-464 ried out by incubating gels in the dark at room temperature with 20 ml staining solution containing 465 250 mM Tris-HCl pH 8.5, 0.4 mg/ml nitro blue tetrazolium (NBT), 0.2 mM PMS, 2 mM NAD + and 5 mM 466 3-HIB. As native marker the Amersham High Molecular Weight Calibration Kit for native electropho-467 resis was used (GE Healthcare UK Limited Amersham Place Little Chalfont, Buckinghamshire, UK). 468 469
Mutant screening 470 471
Seeds of T-DNA insertion lines ΔHDH1-1 (SALK_009001C), ΔHDH1-2 (GK-911G06), ΔHDH1-4 472 (SAIL_31_B02), and ΔHDH1-5 (SAIL_657_E01) were obtained from the Nottingham Arabidopsis Stock 473 Center (http://arabidopsis.info/). Lines ΔHDH1-6 (GK-710H08) and ΔHDH1-3 (GK-350A08) were di-474 rectly ordered from GABI-Kat (https://www.gabi-kat.de/). Genomic DNA was isolated according to 475 Edwards et al. 1991 . Plants homozygous with respect to the T-DNA insertion were isolated by multi-476 plex PCRs using following primers. ΔHDH1-2_Fw: 5´-TGGAGAAAATGATATAAGACCTGC-3´, ΔHDH1-477 2_Rv: 5´-TGTCTGAAAACACAAGAGAAGTC-3´, T-DNA Primer: GABI_Kat_o8474 5´-478 ATAATAACGCTGCGGACAT-3´. For ΔHDH1-6 following primers were used. ΔHDH1-6_Fw: 5´-479 AATTATTTTCATGGGTTCACGAG-3´, ΔHDH1-6_Rv: 5´-CATTTTCATAACATCACGGTTTCT-3´, T-DNA Pri-480 mer: GABI_Kat_o8474 5´-ATAATAACGCTGCGGACAT-3´. Annealing temperatures were calculated 481 using the Tm Calculator www.thermoscientific.com/pcrwebtools (Thermo Fisher Scientific, Waltham, 482 USA). In order to determine the exact T-DNA insertion site PCR products were sequenced by Seqlab 483 (Göttingen, Germany). 484 485
Gene expression analyses 486 487
To determine gene expression in the lines ΔHDH1-2 and ΔHDH1-6 lines, a qPCR analysis was carried 488 out according to Heimann et al. 2013 . First, total RNA was isolated from 100 mg of leaves using the 489
GeneJET Plant RNA Purification Kit (Thermo Fisher Scientific, Waltham, USA sertions were determined by sequence analyses for lines ΔHDH1-2, ΔHDH1-4 and ΔHDH1-6. All ex-588 periments of our study were carried out using lines ΔHDH1-2 and ΔHDH1-6 (insertions indicated by 589 blue triangles. TIS: Transcription Initiation Site). 590 Hildebrandt et al. 2015, modified 
